Both elevated inflammatory activity and sustained tachycardia reflect unfavourable cardiovascular risk profiles, and there is evidence to suggest the deleterious effects of inflammation are amplified by increased heart rate. The purpose of this study was to assess the interaction between resting heart rate and inflammation in cardiovascular mortality.
Introduction
Coronary artery disease (CAD) represents an important public health burden. In particular, lifetime risk of coronary heart disease (CHD) is around one in two for men and one in three for women over the age of 40. 1 Aside from the more recognized parameters of CAD risk such as smoking, diabetes, hypertension, and dyslipidaemia, compelling evidence has now accumulated in support of chronic inflammation as another risk factor, contributing towards all stages of atherosclerosis from endothelial dysfunction and plaque formation to plaque disruption and thrombosis. 2, 3 Recent evidence indicates that inflammation and sustained tachycardia interact at several levels of the cardiovascular continuum, 4 and may hereby exert a synergistic effect on cardiovascular morbidity and mortality. For example, elevated heart rate increases tensile stress which apart from inducing endothelial injury also increases endothelial permeability to circulating inflammatory mediators. 5 In addition, dysfunctional autonomic nervous activity may underlie both progression of inflammation as well as elevated resting heart rate. 6 Stimulation of efferent vagus nerve activity has been associated classically with normalizing tachycardia, whereas experimental evidence has shown that this process also inhibits inflammation via stimulation of the cholinergic antiinflammatory pathway. 7, 8 Similarly, there is ample evidence that elevated sympathetic activity modifies the inflammatory process and thereby promotes endothelial dysfunction and subsequent atheroprogression. 9, 10 Though, clearly, further studies are required to test the notion that a high resting heart rate will exacerbate the effects of inflammation on cardiovascular disease (CVD).
In light of the preceding discussion, this study was undertaken to evaluate the inter-relationship between resting heart rate and inflammation with CVD mortality in a large cohort of German patients enrolled in the LUdwigshafen RIsk and Cardiovascular Health (LURIC) study.
Methods

LURIC Study Population
The LURIC study is a prospective cohort study designed to investigate environmental and genetic risk factors for CVD. 11 A total of 3316 patients (2309 men and 1007 women), aged 18 -95 years were enrolled in the LURIC study. A baseline examination was performed between July 1997 and January 2000 in a single tertiary care medical centre in South-West Germany (Herzzentrum, Ludwigshafen). Inclusion criteria were availability of a coronary angiogram, Caucasians of German ancestry to limit genetic heterogeneity, and clinical stability, with the exception of acute coronary syndromes (ACS). An ACS was diagnosed if patients presented within 7 days of onset of symptoms of unstable angina pectoris or acute myocardial infarction (MI), comprising non-ST-elevation MI (troponin T .0.1 mg/L) and ST-elevation MI (troponin T .0.1 mg/L). Participants with a history of malignancy within the past 5 years, or any predominant non-cardiac disease were excluded from the study. The LURIC study was approved by the institutional review board of the ethics committee at the 'Landesärztekammer Rheinland-Pfalz' (Mainz, Germany) and written informed consent was obtained from all study participants.
Patient examination
An overall summary of the LURIC study objectives and baseline examination procedures have been published elsewhere. 11 Briefly, all body measures were recorded by trained study nurses on the same day, during early morning, between the hours of 06:00-09:00 a.m. Resting heart rate was obtained by electrocardiography. Five measures were taken 30 s apart, following a 10 min rest in the supine position in a quiet room, with the average derived from the last two measures.
Other variables included in the study were selected on the basis of previous literature, data availability, and the possibility of confounding. Details of these variables are provided in Table 1 .
Laboratory analysis
Samples of fasted venous blood were collected during baseline examination, with patients in the supine position. Routine laboratory parameters were immediately measured on a daily basis as previously mentioned. 11 Remaining blood samples were snap-frozen and stored in 280 C for further analyses. Evidence of a synergistic association between heart rate Institute of Haemostaseology and Transfusion Medicine of the Ludwigshafen General Hospital. Interleukin-6 was measured using a high sensitivity enzyme immunoassay (R&D Systems, Wiesbaden, Germany). High-sensitivity C-reactive protein concentrations were measured by immunoturbidimetric assay (Roche Mannheim, Germany). Serum amyloid A was determined by immunonephelometry (Dade Behring, Marburg, Germany). Fibrinogen was measured using the Clauss method (Roche Mannheim, Germany). Neutrophil count was determined using EDTA whole blood and was later quantified using an automated analyser (Technicon H-1, Bad Vilbel, Germany until December 1998; Advia 120, Siemens Healthcare Diagnostics, Eschborn, Germany since January 1999).
Outcome measure
The primary endpoint was death due to CVD. Information on vital status was obtained from local community registries. Death certificates were reviewed to classify the deceased into those who died from CVD and non-CVD causes. Death from CVD causes included sudden cardiac death, fatal MI, death due to heart failure, death after intervention to treat CAD, stroke, and other deaths due to heart disease. Two experienced physicians who were masked to any of the study data independently classified the causes of death. In the case of a disagreement concerning the classification, it was discussed and the final decision was made by one of the principal investigators of LURIC (W.M.), who was also masked to the key study variables.
Statistical methods
For the purpose of this investigation resting heart rate was dichotomized into low (,75 b.p.m., n ¼ 2391) and high (≥75 b.p.m., n ¼ 876) according to the 75 percentile. The study sample was then summarized by comparing those with a low and a high resting heart rate, reporting means and standard deviations [or medians and interquartile ranges for those variables which were skewed], or by numbers and percentages for categorical variables. The two groups were compared using t-tests for continuous data, and the MannWhitney U-test for those continuous variables which were skewed, as well as x 2 -tests for categorical variables. All inflammatory markers and continuous covariates were checked for normality and those which visually deviated on inspection of the frequency distribution were transformed into the natural (base e) logs. In this study, only the single markers of inflammation required logarithmic transformation. Inflammatory activity can be assessed by a number of correlated markers, such as Interleukin 6, high sensitivity C-reactive protein, serum amyloid A, fibrinogen, and the neutrophil count ( Table 2) . We employed a principle component analysis to extract from the individual markers of inflammation a single weighted multi-marker index of inflammation. In this study, the first principle component accounted for 61.3% of the explained variance and no additional significant principal components were identified. Accordingly, we developed the overall multi-marker index of inflammation by weighting the respective coefficients of each of the five inflammatory markers that contributed towards the primary underlying factor (i.e. inflammation). Kaplan-Meier survival curves with the log-rank test for equality were used to illustrate the predictive ability of inflammation (quartiles) with CVD mortality, stratified by low and high resting heart rate. The association between inflammation quartiles and CVD mortality for those with a low and a high resting heart rate was further tested using Cox proportional hazard survival models, reporting hazard ratios (HR) with 95% confidence intervals (95% CI) and P for trend. Three models were employed to test these relationships. The first model was unadjusted; the second model corrected for age and sex; the final model additionally controlled for body mass index, smoking, physical activity, arterial hypertension, type 2 diabetes, dyslipidaemia, angina pectoris, family history of CVD, and cardiovascular medications. To further understand the relationship between inflammation and CVD mortality, the latter analyses were also performed examining the single markers of inflammation in those with a low and a high resting heart rate, respectively. Due to the large heterogeneity of LURIC patients, we re-performed the survival models according to a number of sensitivity checks, which were computed separately. First, we examined the initial findings among those who were clinically stable at baseline. Second, patients with signs of heart failure were removed in order to examine whether the initial findings would be affected. In the current study, heart failure was determined according to a classification developed by the New York Heart Association (i.e. whereby/in whom slight physical activity caused symptoms; inability to carry on any physical activity without discomfort; symptoms of cardiac insufficiency present even at rest). 12 Third, patients accompanied with an ongoing infection who may have spuriously contributed towards elevated inflammation were excluded. Fourth, to minimize potential bias due to subclinical and undetected pre-existing disease at baseline which is associated with increased mortality, we also carried out the analyses after removing patients who died within 12 months from the time of enrolment. Fifth, we excluded those who reported the use of b-blockers, as these agents are known to artificially lower heart rate, which may have biased our initial assignment of patients to the heart rate categories. We then assessed the discriminatory value of the multi-marker index of inflammation by computing the c-statistic and integrated discrimination improvement (IDI), as well as the net reclassification improvement (NRI). For the latter, we chose a priori meaningful risk category of ,6, 6 -20, and . For the single markers of inflammation, natural log transformations were applied to normalize distributions. ***P , 0.0001.
the Hosmer -Lemeshow goodness-of-fit test according to 10 risk categories. All calculations were performed using STATA version 11.2 (StataCorp, Texas).
Results
Baseline characteristics
Of the 3316 patients enrolled in the LURIC study, 49 (1.5%) were excluded due to missing data on a number of parameters examined. Hence, the analytic sample included a total of 3267 patients (2283 men and 984 women). Preliminary analyses revealed that there were no sex-specific differences present. Baseline characteristics of the overall population are reported in Table 3 . The median duration of follow-up was 9.9 years. Across the 29940 person years of follow-up, there were 546 (17%) deaths due to CVD.
There was a trend towards higher body mass index, lower physical activity, arterial hypertension, and type 2 diabetes in patients with a high resting heart rate. In contrast, there was a higher incidence of unstable angina pectoris in patients with a low resting heart rate. Similarly, use of b-blockers and statins was significantly higher among patients with a low resting heart rate ( Table 3) . Of the individual inflammatory markers, interleukin-6, high sensitivity C-reactive protein, serum amyloid A, fibrinogen, and neutrophils were all significantly higher in patients with a high resting heart rate. Patients with a low resting heart rate and who were in the highest quartile on the inflammation index had an increased risk of CVD mortality compared with those with lower levels of inflammation ( Figure 1A ). For those with a high resting heart rate, there was an even stronger increase in CVD mortality with increasing levels of inflammation. That is, patients in the highest quartile of inflammation had a greater risk of CVD mortality when resting Evidence of a synergistic association between heart rate heart rate was ≥75 b.p.m. (Figure 1B) . The log-rank test for equality revealed that there was a significant difference between quartiles (P , 0.001).
Relationship of inflammatory index with cardiovascular mortality according to resting heart rate Cox proportional hazard regression reported a significant interaction effect between heart rate and inflammatory activity for the primary endpoint (P ¼ 0.04). Separate Cox proportional hazard regression models for those with a low and a high resting heart rate are presented in Table 4 . There was a survival reduction of 1.4 and 2.7 years due to the primary endpoint in those with a low and a high resting heart rate, respectively, when the highest quartile of inflammation was compared with the lowest quartile. For those with a low resting heart rate, the fully adjusted HR (95% CI) for CVD mortality among patients in the upper quartile of inflammation was 1.84 (1.31-2.57), P trend , 0.0001. However, for patients with a high resting heart rate, the fully adjusted risk increased by more than seven-fold, HR (95% CI) ¼ 7.50 (3.21-17.50), P trend , 0.0001, for those in the highest inflammatory quartile ( ) resting heart rate. The log-rank test for equality found quartiles of inflammation was significantly different in both models (P , 0.0001, respectively).
for coronary angiography, we subsequently explored if the degree of CAD severity could explain, in part, the interaction between resting heart rate and inflammatory status in predicting risk of CVD mortality. Interestingly, we observed that the adjusted risk of death due to CVD increased further depending on the magnitude of CAD severity ( Figure 2) . Patients with ≥20% stenosis of at least one main luminal vessel and who were in the upper-most quartile of inflammation with a high resting heart rate had a comparable risk, [HR (95% CI) ¼ 6.68 (2.66-16.78)], P trend , 0.0001 for CVD mortality compared with the overall cohort ( Table 4) . On the other hand, the magnitude of cardiovascular risk increased further to approximately 10-fold HR [(95% CI) ¼ 9.83 (3.05-31.65), P trend , 0.0001] among those with ≥50% narrowing of at least one main coronary artery, who were in the highest quartile of inflammation on the background of a high resting heart rate. In Figure 3 , the fully adjusted HR estimates for the single markers of inflammation are presented. For each marker, we compared the upper-most quartile to the lowest and found the risk of CVD mortality was greater among patients who had a high resting heart rate ( Figure 3) . Of all these markers, the greatest prediction was provided by fibrinogen, HR (95% CI) ¼ 3.68 (2.02-6.70), P , 0.0001. Though each individual marker was predictive of CVD mortality among those with a high resting heart rate, the strongest prediction for CVD mortality was afforded by the overall marker of inflammation ( Figure 3 ).
To better understand the relationship between inflammation and CVD mortality, we repeated the latter analyses including only patients with clinical stability (n ¼ 2234) at baseline. After Table 4 .
Evidence of a synergistic association between heart rate comparing the upper-most quartile to the lowest, we found the relationship between inflammation and CVD mortality increased HR (95% CI) ¼ 2.37 (1.56-3.60), P , 0.0001 in patients with a low resting heart rate, as well as for those HR (95% CI) ¼ 9.18 (3.23-26.00), P , 0.0001 with a high resting heart rate. The analyses were then carried out after excluding patients with suspected heart failure (n ¼ 619). The fully adjusted association between inflammation and CVD mortality remained unchanged, HR (95% CI) ¼ 1.87 (1.26-2.78), P ¼ 0.001 for those with a low resting heart rate. However, there was a slight attenuation in the risk HR (95% CI) ¼ 6.81 (2.63-17.63), P , 0.0001 for those with a high resting heart rate. We also removed patients accompanied by an ongoing infection (n ¼ 315) which may have contributed towards a heightened inflammatory status at baseline. Likewise, we found the adjusted association between inflammation and CVD mortality for the highest compared with the lowest quartile did not materially change HR (95% CI) ¼ 1.86 (1.31 -2.64), P , 0.0001 in patients with a low resting heart rate, while again, there was a slight attenuation for individuals HR (95% CI) ¼ 6.19 (2.63-14.60), P , 0.0001 with a high resting heart rate. To minimize potential bias due to subclinical and undetected pre-existing disease at baseline which is associated with increased mortality, we removed patients who died within 12 months (n ¼ 130) of enrolment. The results were virtually identical, HR (95% CI) ¼ 1.85 (1.29-2.65), P ¼ 0.001 for those with a low resting heart rate, and HR (95% CI) ¼ 6.23 (2.64-14.72), P , 0.0001 for patients with a high resting heart rate. Finally, after excluding those who reported the use of b-blockers, the adjusted association between inflammation and CVD death among those with a low resting heart rate was somewhat attenuated HR (95% CI) ¼ 1.78 (1.03-3.08), P ¼ 0.04, albeit the association remained significant. Conversely, the strong independent relationship between inflammation and CVD mortality HR (95% CI) ¼ 5.35 (2.05-14.00), P ¼ 0.001 persisted among patients with a high resting heart rate, even after removing those who reported the use of these agents. Further exploration of the data, using instead, the median cut-off value (median ¼ 68 b.p.m.) for resting heart rate revealed similar findings (data not shown).
Measures of discrimination for the multi-marker inflammatory index (c-statistic, integrated discrimination improvement, net reclassification improvement)
We assessed the discriminatory value of the multi-marker index of inflammation by computing the c-statistic and area under the receiver operating characteristic (AUC) curve; comparing a model including the conventional risk factors with a model based on a combination of these risk factors and the multi-marker index. Initially, the conventional risk factor model achieved reasonable discrimination, obtaining a c-statistic of 0.751 (Figure 4) . After including the multi-marker index of inflammation, the discriminatory value marginally improved by 0.010 (0.761, P ¼ 0.015) (Figure 4) . In addition, we employed the reclassification statistics of the IDI and NRI. According to the IDI, inclusion of the multi-marker index significantly improved model discrimination by 0.010 (P , 0.0001). Moreover, the addition of the multi-marker index to the conventional risk factors significantly improved reclassification of patients to a different risk category by 6% (P ¼ 0.002) ( Table 5 ). Model calibration using the Hosmer-Lemeshow goodness-of-fit test also yielded a Chi-square of 6.29 (P ¼ 0.61), indicating no significant deviation between observed and predicted risk ( Figure 5 ).
Discussion
The present study assessed the inter-relationship between inflammation and heart rate with CVD mortality. We found that the risk associated with elevated inflammation was amplified four-fold in patients with a high resting heart rate (≥75 b.p.m.), compared with those with a low resting heart rate (HR 7.50 vs. 1.84). This synergistic effect remained unaltered after adjusting for an extensive number of established risk factors. Further, these observations appeared somewhat dependent on the degree of CAD, since in the current investigation the risk of experiencing the study endpoint increased by almost 10-fold among those with severe CAD (≥50% luminal stenosis of at least one major coronary artery). Our study adds to the current literature because, it is, to our knowledge, the only investigation to address resting heart rate as an effect modifier of inflammation for predicting future CVD outcome. The European Society of Hypertension/European Society of Cardiology guidelines recently proposed the inclusion of elevated heart rate when evaluating the cardiovascular risk profile of an individual. 14 The present results indicate that the predictive utility of resting heart rate may be substantially enhanced when considered alongside other risk factors, specifically inflammation. Consequently, we may speculate that slowing the heart rate may prove a useful adjunct for interrupting the patho-physiological process initiated by inflammation within the local pro-atherosclerotic vascular environment. If this conjecture is correct, then it may be anticipated that the protective effects of selective heart rate-lowering agents (i.e. b-blockers, calcium antagonists, and the more novel specific heart rate-lowering agent ivabradine) may differ as a function of lower and higher inflammatory activity. At this point, the exact mechanisms by which tachycardia modulates the effects of inflammation remain to be elucidated, although the extant literature provides compelling evidence for several candidate processes. Among these is autonomic nervous damage. Sympathetic overactivity plays a key role in atheroprogression by inducing tachycardia 5 as well as by causing immune dysregulation. For example, the sympathetic mediator's adrenaline and noradrenaline have potent effects on cytokine release by activated T cells and macrophages and also regulate the migratory behaviour of these cells. Likewise, stimulation of parasympathetic outflow, which normalizes tachycardia, also short circuits the inflammatory cascade via the cholinergic anti-inflammatory pathway, 6 -8,15 which involves down regulation of macrophage activity via direct neural stimulation of macrophage cholinergic receptors. Following this above logic, a raised heart rate could be considered a marker of autonomic nervous system dysfunction rather than a risk factor per se. 5,16 -18 Nonetheless, several lines of research provide evidence to suggest that heart rate is also a primary risk factor for CVD, 9, 19, 20 and therefore other interactive mechanisms could be considered as well. For instance, disturbed flow-generated shear stress as a consequence of increased heart rate stimulates specific mechanosensors located on the surface of endothelial cells, 4,5 subsequently upregulating pro-atherogenic genes and downregulating athero-protective genes. 5, 21, 22 Many of these genes also control inflammatory processes. These include, but are unlikely limited to, reduced nitric oxide activity, which has potent immunomodulatory properties, increased vascular permeability, which is a hallmark of the inflammatory process, as well as increased expression of inflammatory molecules such as adhesion molecules (e.g. vascular cell adhesion molecule-1, intercellular adhesion molecule-1), chemoattractants (monocyte chemoattractant protein-1), and cytokines (interleukin-6, tumour necrosis factor-a). 5, 9, 23 Thus, an elevated heart rate may enhance the magnitude of an unfavourable cardiovascular risk profile by amplifying the effects of ongoing inflammatory processes. Of additional importance, we derived a composite marker of inflammation from a principle component analysis. In doing so, we were able to combine each of the individual markers into a single component, thereby reflecting a general marker of inflammation, permitting us to retain most of the information attributed to each marker. From a clinical perspective, the inclusion of a multi-marker strategy in this study based on C-reactive protein, neutrophils, interleukin-6, fibrinogen, and serum amyloid A was more informative for improving risk estimation, compared with single marker determination. Foremost, the clinical utility of individual biomarkers towards predicting subsequent cardiovascular events has recently been questioned. Indeed, the prognostic reliability of C-reactive protein, the most commonly measured inflammatory marker in cardiovascular epidemiology, has been challenged by other authors. 24 -26 Thus, we postulate that simultaneous assessment of multiple markers of inflammation may provide additional prognostic information beyond single marker determination, at least among secondary care patients. Evidence of a synergistic association between heart rate The present study is not without limitations. Patients in the present investigation were Caucasian of German ancestry. Thus, caution is warranted in generalizing our findings to the understanding of CVD in other populations. Although prospective in patient enrolment, resting heart rate was only assessed at a single time point and therefore may not reflect heart rate over the longer term and allow us to identify sustained tachycardia. Further, heart rate shows significant diurnal variation which presents additional problems for a one-off measure. Nevertheless, we would counter that resting heart rate was measured in a sufficiently standardized manner to yield reliable data, permitting comparison among patients, while minimizing methodological bias as much as possible. 27 For the purpose of this investigation, resting heart rate was dichotomized according to the 75 percentile cut-off value. Thus, subsequent studies may wish to include other metrics of heart rate when evaluating its relationship with inflammation and adverse cardiovascular outcome. Similarly, the individual markers of inflammation were determined at a single time point. We also cannot exclude the possibility that other functionally distinct markers of inflammation may be implicated in CVD risks that were not examined here. Although we performed multivariable adjustments, we cannot rule out that our results may be influenced by unmeasured or residual confounding. However, due to the large sample size and extensive range of measurements taken, we were able to adjust for a range of important covariates including arterial hypertension, type 2 diabetes, dyslipidaemia, and family history of CVD. In this study, the observed association between resting heart rate and inflammation with CVD mortality appeared somewhat stronger with more severe CAD. However, due to the lack of non-fatal CVD endpoints in LURIC, we were unable to explore this relationship further.
In light of this, we hope these findings spur future investigations to evaluate the putative link between resting heart rate and inflammatory activity with non-fatal CVD events.
In conclusion, the present data highlight a potential role for heart rate as a risk factor for CVD mortality by amplifying the effect of inflammation, which may explain, in part, the poor cardiovascular prognosis in individuals with elevated heart rate. Should these observations be confirmed, slowing heart rate may prove a useful adjunct in prolonging survival among CVD patients that exhibit an elevated inflammatory activity.
